Salinity is one of the abiotic stresses that most limit crop productivity. This makes it essential to search for alternatives that would ensure the viability of production under such conditions. The aim of this work was to evaluate the potential of silicon for reducing the detrimental effects of salt stress on seed germination and initial seedling growth in five lettuce cultivars. Two experiments were carried out in a completely randomised design with four replications. In the first experiment, germination behaviour of five lettuce cultivars (Year Round Cabbage, Americana Great Lakes, Great Lakes 659, Lucy Brown, and Crisp Cabbage) was evaluated under five levels of salt stress (0, 50, 100, 150 and 200 mM). In the second, two lettuce cultivars, one sensitive and one tolerant to salinity, submitted to six different combinations of NaCl and Na 2 SiO 3 . The germination (G), first germination count, germination speed index, mean germination time, and root and shoot length and dry weight were evaluated. A reduction in G was seen from 100 mM for all cultivars, with 'Lucy Brown' being the most tolerant, even under higher levels of NaCl. The 'Americana Great Lakes' and 'Great Lakes 659' were the most sensitive to salinity. When silicon was added to the NaCl treatments, it was found that the effects of the salt stress were reduced, resulting in higher values for germination and the growth variables. Silicon reduced the detrimental effects of salt stress on the physiological quality of the seeds and the initial growth phase of the lettuce.
Introduction
Salinity affects plant germination and growth by reducing the osmotic potential of the soil and consequently the water potential, which hampers water absorption by the seeds. There are also the effects of toxic ions that when absorbed by the embryo, can inhibit the synthesis and/or activity of hydrolytic enzymes necessary for germination (Yokoi et al., 2002; Munns and Tester, 2008) . Osmotic stress has the most pronounced effect on the physiological quality of the seeds, with limitations on the imbibition phase so that the amount of water reaching the embryo cells is reduced, decreasing the speed and percentage of germination (Gupta and Huang, 2014) . Among the studies which aim to assure the viability of using areas of salinity, is the use of cultivars tolerant to salt stress, as well as the use of agronomic management techniques that minimise these effects. Among the management techniques which aim for tolerance to abiotic stress, it is important to highlight the use of silicon fertiliser, seen as a promising technology for achieving this objective (Rizwan et al., 2015) . Although not considered an essential element, silicon has shown several effects which are beneficial to plants, including a reduction in leaf transpiration; an increase in chlorophyll content; an increase in the mechanical resistance of the cells, leaving the leaves more upright; greater CO 2 absorption; and higher rates of photosynthesis. These physiological changes allow a reduction in the effects of such abiotic stresses as water deficit, metal toxicity, salinity, etc. In addition, this element is involved in increasing resistance to pests and diseases by the formation of a mechanical barrier in the plants, making attacks by plant disease difficult (Rodrigues et al., 2011; Lima et al., 2011 : Rizwan et al., 2015 .
Some researchers have used silicon to produce various species grown under saline conditions, among which positive results can be found in the literature for the cashew (Anacardium occidentale L.) (Miranda et al., 2010) , rice (Oriza sativa L.) (Kraska and Breitenbeck, 2010) , maize (Zea mays L.) (Lima et al., 2011) , wheat (Triticum aestivum L.) (Tuna et al., 2008; Gurmani et al., 2013) , sorghum (Sorghum bicolor (L.) moench.) (Kafi et al., 2011) , and rapeseed (Brassica napus L.) (Farshidi et al., 2012) . However, although the use of silicon to reduce the effects of salinity on seed germination has already been confirmed in such crops as the tomato (Solanum lycopersicum L.) (Almutairi, 2016) and Momordica charantia (Wang et al. al., 2010) , for most vegetables, research which uses this nutrient as an alternative for reducing the negative effects of salinity is still scarce. For lettuce, such studies are even more limited, and no research is known to address the subject; studies that investigate the behaviour of silicon in reducing the effects of salinity in this species are therefore important. Based on the above, the aim of this work was to evaluate the use of silicon to reduce the effects of salt stress on seed germination and initial seedling growth in five lettuce cultivars.
Results and Discussion

Germination and initial growth in different lettuce cultivars under salinity
From a summary of the analysis of variance (ANOVA), an interaction (p ≤ 0.05) was seen between cultivar and salinity for all the characteristics being evaluated. Accordingly, the factors were broken down and their behaviour studied for each characteristic. In general, all cultivars showed satisfactory germination (G), more than 82% up to the concentration of 100 mM NaCl (Table 1) . At the concentration of 150 mM, the cultivars 'Year Round Cabbage' (C1) and 'Lucy Brown' (C4) presented the highest mean values, showing the greatest tolerance. The cultivar, 'Americana Great Lakes', was the most affected at this concentration, and was considered sensitive. At the maximum stress of 200 mM, none of the cultivars presented satisfactory G. For germination speed index (GSI), first germination count (FGC) and mean germination time (MGT), the same behaviour was seen as for G, with a reduction only from the concentration of 100 mM for all cultivars. The cultivars showed a varying response to stress, with some, such as 'C1' and 'C4', being more tolerant and others, such as Great Lakes 659 (C3), being were more sensitive. This difference in behaviour agrees with Oliveira and Gomes Filho (2009) , who evaluated the effects of both water and salt stress on germination and vigour in seeds of two genotypes of forage sorghum, and found that the genotypes had varying responses to the the different conditions of salt and water deficit to which they were submitted. In general, a quadratic regression model was found to fit the variables G, FGC and MGT as a function of NaCl levels ( Figures 1a, 1b and 1d) , with a marked decrease in these variables from 100 mM of NaCl, irrespective of the cultivar under evaluation. The cultivar 'Lucy Brown' (C4) proved to be the most tolerant at the highest levels of NaCl, reaching 100% G at 62.41 mM NaCl, followed by 'Year Round Cabbage' (C1) with 97% G at a level of 51.45 mM (Figure 1a) , while 'Americana Great Lakes' (C2) and 'Great Lakes 659' (C3) were the most sensitive. For FGC, the maximum for C1 was 93.51% at a level of 49.19 mM NaCl, and for C4 the maximum was 100% at 61.71 mM (Fig 1b) . The lettuce seeds from the different cultivars studied in this work showed greater germination capability in treatments where the concentration of Na and Cl ions was below 100 mM; above this level there was a reduction in germination and GSI. This behaviour was also seen in seeds of the sunflower and moringa, which followed a quadratic behaviour when submitted to different salt concentrations, with a decrease in germination only seen from 50 mol.m -3
NaCl (Santos et al., 2011; Rabbani et al., 2013) . Nasri et al. (2015) also reported a reduction in germination percentage at a level of 100 mM NaCl in lettuce cultivars. Evaluating physiological seed quality in Brassica pekinensis Rupr. under conditions of salt stress at concentrations of -0.2 to 0.8 MPa, Lopes and Macedo (2008) found that salinity affected the expression of physiological potential through the germination and vigour of the seeds in Chinese cabbage. Damage caused by salinity was proportional to the reduction in osmotic potential of the medium in which the seeds were placed for germination. This behaviour is due to the fact that, when germinated under conditions of salt stress, the seeds suffer from the osmotic effect, i.e. they absorb less water during the imbibition phase of the seed, which leads to reduced germination (Yokoi et al., 2002; Munns and Tester, 2008) . The effects of salt stress during the germination phase are due to a reduction in water absorption by the seeds (Gupta and Huang, 2014) as well as to toxic effects, with plant sensitivity to higher or lower concentrations of salts in the substrate being a characteristic of the species, the cultivar, the type of salt, the period of exposure to stress, and the phenological stage of the plant (Bray et al., 2015) . Such was confirmed in this work, where the cultivars C1 and C4 were the most tolerant to the effects of NaCl concentration. For GSI there was a linear decrease as a function of the increase in the NaCl concentration ( Figure 1c) ; for MGT the fit was quadratic, with a reduction beginning at 100 mM for all cultivars (Figure 1d ). The cultivars C1 and C4 took the most time to germinate, 6.64 and 6.98 days respectively. Therefore, as the salt concentration of the germination medium increases, there is greater limitation on water absorption by the seeds, and consequently a reduction in the speed of germination, resulting in more time being necessary for the seeds to germinate. Bernardes et al. (2015) found that in cabbage seeds (Brassica oleracea) the GSI also decreased with a reduction in osmotic potential, i.e. with an increase in the levels of NaCl. The 'C1' and 'C4' cultivars presented the greatest values for seedling root and shoot length and dry weight at levels of 100 and 150 mM (Table 2) . At the maximum stress of 200 mM, there was no growth of either the primary root or the shoots. When working with different accessions of the 'Gaúcho Redondo' and 'AF682' melon cultivars, Secco et al. (2010a) found a reduction in total seedling length when these were exposed to salt stress. Mean values followed by different lowercase letters between the levels of Na 2 SiO 3 and NaCl, and uppercase letters within the same level of Na 2 SiO 3 : NaCl show differences (p ≤0.01). Table 4 . Equations for root length (RL), shoot length (SL), root dry weight (RDW) and shoot dry weight (SDW), and coefficient of determination, in seedlings of five lettuce cultivars submitted to different levels of NaCl.
RL ( Mean values followed by different lowercase letters between the levels of Na 2 SiO 3 and NaCl, and uppercase letters within the same level of Na 2 SiO 3 : NaCl show differences (p ≤0.01).
For root length (RL) and shoot length (SL), there was a linear fit as a function of salt level for all cultivars (Figure 2a, b) , with a decrease in both roots and shoots for increases in NaCl concentration. This behaviour was also found by Bernardes et al. (2015) in cabbage seedlings, where increased salt stress reduced seedling development in batches of both high and low viability, decreasing the length of the shoots and roots at the highest stress levels. Similarly, when working with different accessions of the melon (Cucumis melo L.) from the cultivars 'Gaúcho Redondo' and 'AF682', Secco et al. (2010) found a reduction in total seedling length under salt stress. Root dry weight (RDW) followed a quadratic model, except for the cultivars 'Americana Great Lakes' and 'Crisp Cabbage', which best fit the linear regression model ( Figure  2c ). The point of maximum dry weight accumulation in the roots for C1 was found at 60 mM with 3.57 mg, and for C4 at 22.5 mM, with 4.41 mg. For shoot dry weight (SDW), quadratic behaviour for the levels of NaCl was seen in the cultivars, with maximum accumulation at concentrations of 83.75 and 67.14 mM for the cultivars C1 and C4 respectively (Figure 2d ). Agreeing with these results, Bernardes et al. (2015) found a quadratic adjustment for this variable in cabbage seeds treated with NaCl, with a drastic reduction in mean values from -1.0 MPa. In the present work this was found beginning at 100 mM. When working with salinity in melon seeds, Secco et al. (2010) saw a reduction in the dry matter weight of the seedlings. This is probably due to the effect of the high concentration of sodium chloride on the mechanisms of hydrolysis and mobilisation of reserves in the seedlings (Pedó et al., 2014) . The cultivars displayed varying responses to the stress, with some being more tolerant, as seen with cultivars C1 and C4, and others more sensitive, as was confirmed for the cultivars C2, C3, and 'Crisp Cabbage' (C5). Such varying behaviour agrees with Oliveira and Gomes Filho (2009) , who evaluated the effects of water stress and salt stress on seed germination and vigour in two genotypes of forage sorghum, and found that different genotypes present different responses as a function of water deficit and salinity of the environment.
The effect of silicon on seed germination and initial growth in lettuce seedlings under salt stress
It was seen that stress caused by sodium chloride (NaCl) affected germination (G), first germination count (FGC), germination speed index (GSI), and mean germination time (MGT) in both cultivars (Figure 3a, b, c, d ). When sodium silicate (Na 2 SiO 3 ) was added as the source of silicon, there was no difference from the control treatment, but when added in the presence of NaCl, a definite reduction was seen in the deleterious effects of the salinity, with a satisfactory performance being found for germination and speed of germination in the cultivars. Thus, at levels of 150 and 200 mM NaCl, there was practically no germination in the lettuce, but when Na 2 SiO 3 was added at these concentrations, the cultivars displayed satisfactory values for G and GSI, proving that the use of Si is able to produce a significant reduction in the deleterious effects of NaCl on seed germination and germination speed. This information shows that the beneficial effect of silicon on plants is far more evident under conditions that are stressful to the plants (Rizwan et al., 2015) . For the length and dry weight of the roots and shoots, similar behaviour was observed to that of the germination variables, where the seedlings showed reduced growth under conditions of stress caused by the NaCl (150 and 200 mM), however, when the Na 2 SiO 3 was added to the solution, the seedlings grew and produced a greater amount of dry weight, confirming the beneficial effect of Si on the initial growth of seedlings exposed to NaCl (Figure 4a, b, c, d ). The beneficial effect of silicon on the germination and growth of lettuce seedlings under salt stress agrees with that already verified in other crops. In sorghum plants grown under salt stress, Kafi et al. (2011) found that an increase in the silicon dose gave a greater production of shoot dry weight. Agreeing with the results of the present work, such crops as maize (Lima et al., 2011) , wheat (Tuna et al., 2008; Gurmani et al., 2013) , and rapeseed (Farshidi et al., 2012) subjected to salt stress, also showed better growth when supplemented with siliconbased fertiliser. At the highest concentrations of NaCl, when Si was added, greater values were seen for G, GSI, FGC and MGT in the lettuce seeds, and RL, SL, RDW and SDW in the seedlings. This behaviour was also seen in the tomato, where treatment with N-SiO2 increased germination percentage, mean germination time and germination index in the seeds (Haghighi et al., 2012, Siddiqui and . In tomato seedlings, Almutairi (2016) suggested that the greater capacity for tolerating salt stress of seedlings that received Si could be related to the transcription and activation of response genes to this type of stress. Similar behaviour may have occurred in the present study with the lettuce seedlings. In a study with Cucurbita pepo L., found that treatment with N-Si was able to reduce the inhibitory effects of salt stress and increase germination and growth characteristics, with a reduction in the levels of malondialdehyde, hydrogen peroxide (H 2 O 2 ) and electrolyte leakage, which may also have occurred in this work. According to Liang et al. (2007) , sodium concentrations in the roots of rice and barley, as well as the transport of sodium to the shoots, were reduced by the addition of silicon, while the absorption and transport of K + were increased. Among other benefits, silicon also increases the leaf and root activity of oxidative stress enzymes, which possibly occurred in the lettuce cultivars evaluated in this work. Since an increase in antioxidant activity leads to a reduction in lipid peroxidation of the plasma membrane of plants under salt stress, the Si may have affected the structure, integrity and function of the plasma membrane Al-Aghabary et al., 2004; Liang et al., 2007) .
Materials and methods
Two experiments were carried out in the Seed Analysis Laboratory of the Department of Plant Technology at the Federal University of Ceará, from March to May of 2016.
Experiment I -Lettuce cultivars under different conditions of salinity
Plant material and conducting the experiment
The seeds of five commercial cabbage-type lettuce cultivars were used, all with high germination capacity of over 90%, were used. Carried out with four replications of 50 seeds distributed evenly over two sheets of seed-germination filter paper moistened with distilled water in a proportion of 3 times the weight of the dry paper, and arranged in 10 x 1.5 cm petri dishes. The seeds were kept in a biochemical oxygen demand (BOD) germination chamber under an alternating light regime (12 hours with light and 12 hours with no light) and at a fixed temperature of 20°C (Brasil, 2009) . The substrate was moistened with distilled water, only on the day test was set up to avoid changes in concentration.
Treatments and experimental design
The experiment was carried out in a completely randomised design, following a 5 x 5 factorial scheme with four replications of 50 seeds. The first factor consisted of five lettuce cultivars, Year Round Cabbage (C1), Americana Great Lakes (C2), Great Lakes 659 (C3), Lucy Brown (C4) and Crisp Cabbage (C5); the second factor corresponded to five levels of NaCl (0.0, 50, 100, 150 and 200 mM) in the germination substrate. To achieve the different levels of salt, sodium chloride (NaCl) was used diluted in distilled water. For the control treatment only distilled water was used to moisten the substrate. A benchtop conductivity meter with temperature correction was used to verify the concentration of the solutions used for moistening the substrate. Germination speed index (GSI) -carried out simultaneously with the tests for germination, calculating at the same time each day the number of seeds that displayed a primary root ≥ 2 mm, as per Maguire (1962) . where: GSI = (G 1 /N 1 ) + (G 2 /N 2 ) + (G 3 /N 3 ) + ... + (Gn/Nn); and where: GSI = germination speed index; G 1 , G 2 , G 3 , ..., Gn = number of germinated seeds included in the first, second, third and nth counts; N, N 2 , N 3 , ..., Nn = number of days from planting to the first, second, third and nth counts. Mean germination time (MGT) -calculated from the daily counts up to the seventh day after sowing, as per Labouriau (1983) , with the results expressed in days. Where: MGT = (Σ ni.ti) / (Σ ni); and where: ni; number of germinated seeds per day, ti; incubation time (days). Using the same seedlings as for the previous characteristics, the 15 most uniform seedlings from each replication were selected on the seventh day after sowing, when they were separated into roots and shoots and the following determined: Root length (RL) and shoot length (SL) -measurements were taken of the seedlings after the final count of the germination test using a graduated ruler, with the results expressed in cm seedling -1
Evaluated characteristics
Germination (G)
. The results were summed, and divided by the number of samples (15 seedlings), to give the mean root and shoot length per seedling.
Root dry weight (RDW) and shoot dry weight (SDW) -normal seedlings from each replication were packed in paper bags and heated in an oven at 65°C to constant weight. The samples were then weighed on a precision scale (0.0001 g), with the results expressed in mg seedling -1 . Experiment II -Silicon tolerance to salt stress in lettuce Plant material and conducting the experiment In this experiment, a tolerant cultivar ('Lucy Brown') and a sensitive cultivar to salt stress ('Great Lakes 659') were used. These cultivars were selected from experiment I; in addition, the two concentrations of NaCl were used that had the most detrimental effects on germination and on initial seedling growth in experiment I, both in the presence and absence of Si. This experiment was conducted in the same way as experiment I.
Treatments and experimental design
The experiment was conducted in a completely randomised design with four replications in a 2 x 6 factorial scheme of two lettuce cultivars (Great Lakes 659 and Lucy Brown) and six combined concentrations of sodium silicate (Na 2 SiO 3 ) and NaCl (0.0 mM Na 2 SiO 3 and NaCl, 6.0 mM Na 2 SiO 3 + 0.0 mM NaCl, 0.0 mM Na 2 SiO 3 + 150 mM NaCl, 6.0 mM Na 2 SiO 3 + 150 mM NaCl, 0.0 mM Na 2 SiO 3 + 200 mM NaCl, 6.0 mM Na 2 SiO 3 + 200 mM NaCl). The cultivars and the NaCl concentrations used in the experiment were selected based on the results of experiment I, and using the cultivars considered sensitive to stress (Great Lakes 659) and tolerant to stress (Lucy Brown), and the NaCl concentrations that most affected germination and growth of the seedlings. The characteristics under evaluation were the same as in experiment I.
Statistical analysis
The results were submitted to the Shapiro-Wilk test for normality. After verifying the lack of data normality, the germination data were transformed by arcsin (x/100) 1/2 and those for initial growth by root (x+0.5). An analysis of variance was then carried out by F-test. The Scott-Knott test was used to compare mean values between the qualitative factor (cultivar), with regression analysis being used for the quantitative factor (levels of NaCl). Statistical analysis of the data was carried out using the SISVAR® 5.6 software (Ferreira, 2011) .
Conclusion
The lettuce cultivars under study showed different effects on germination and initial plant growth when submitted to salt stress; in this study 'Lucy Brown' and 'Year Round Cabbage' were the most tolerant to the effects of such stress. In addition, it was found that Si improved germination and initial growth in the seedlings under conditions of high salinity, and could therefore be considered as reducing the harmful effects of salinity in lettuce during the initial stages of growth and development.
